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Abstract— This paper presents a design approach for a broadband and high efficiency harmonic-tuned power amplifier (PA) based on quasi-lumped low-pass filtering (LPF) matching network (MN). The MN is composed of quasi-lumped open stubs (λg/8>l<λg/4), After being compared with widely used conventional Chebyshev LPF matching networks, the proposed output matching network provides a good approximation of desired lumped elements over the entire frequency band. The MN offers a sharp roll-off to the transition band. Optimum fundamental and second harmonic load impedances are obtained and by identifying the high efficiency regions on the reactance plane for second harmonic band placement, the design is reduced to a fundamental matching problem. A PA with the concept is designed from 1.0 to 1.5 GHz (FBW=40%) using a Cree GaN HEMT CGH40045. The peak output power, drain efficiency, and gain are 47.3 dBm, 80%, and 12.6 dB, respectively at 1.2 GHz. Furthermore, the PA is evaluated using a COFDM signal with an average output power of 40 dBm, a peak-to-average ratio (PAPR) of 10 dB, and a bandwidth of 2.5 MHz    the PA can achieve a peak drain efficiency of  49%and the adjacent channel power ratio (ACPR) of -26.3 dBc at 1.3 and 1 GHz.  
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I.	Introduction
   High efficiency PAs has received widespread interest recently due to the drive towards lower operational costs in base station transceivers. For the amplifier realisation, there are a number of different approaches that have been reported to improve efficiency at microwave frequency range, such as class F [1], class E [2], class E/F [3], class J [4] etc. In practice, realisation of these modes requires accurate matching at both the fundamental and harmonics frequencies, leading to bandwidth restrictions in their frequency response. 
  To date, a number of matching design techniques have been explored [5]-[6]. For instance, a synthesized Chebyshev low pass filtering matching network based on series transmission lines and open-circuit stubs were employed in a highly efficient wideband class E PA [7]. Class F or Inverse class F amplifiers were demonstrated to meet the high efficiency requirement. However, the typical bandwidth of a class F is less than 10%, since λ/4 stubs are generally used in the output matching network realisation to short or open-circuit impedances at the harmonic frequencies [8]-[9]. Thus, realising high power and high efficiency PAs with a broad bandwidth is a critical research area. Also, broadband matching techniques run into difficulties as the desired fundamental and the second harmonic impedances normally located in different regions of the smith chart. In a wideband design, especially for an octave bandwidth, the highest end frequency of the desired bandwidth (e.g. fH) will be adjacent to the second harmonic of the lowest end frequency (e.g. 2fL) of the band. If conventional matching techniques are employed, the impedance values at fH and the second harmonic of the lowest band 2fL would be similar due to the smooth transition in the roll-off region. Thus the performance of the PA will be degraded. 
   To resolve the aforementioned issues, in this paper, the characteristic of a low-pass filter consisting of quasi-lumped elements is proposed to be explored in the design of the output matching network. The proposed output matching network offers rapid transition at the cut-off frequency and simultaneously provides optimum matching at the fundamental and the second harmonic. Simulation and experimental results have been presented to validate the proposed design technique.
II.	Design Methodology

A. Optimum Impedance Analysis
  
   The first step to design a PA is to estimate the optimum source/load impedances of the nonlinear transistor in order to match them to the termination load, usually 50Ω. The parasitic influences associated with the device needs to be considered. Harmonic impedance matching is another very important aspect in the high efficiency PA design, thus the load-pull simulation must be carried out to prescribe the optimal harmonic impedances at the package plane.  





Fig. 1 (a) Merged output power and efficiency contours (efficiency≥72%, output power≥46 dBm) for fundamental impedance extracted from the load-pull simulation, (b) Optimum region for second harmonic impedance (efficiency degradation less than 3%). 

are omitted, due to their less sensitivity to the PA performances. In summary, there are two requirements of the matching network for broadband PA design, that is, to provide the appropriate fundamental frequency impedance across the bandwidth and to provide the appropriate second harmonic impedance.


B. Realisation of Broadband Quasi-lumped LPF MN 

   Once the target impedance of the matching network has been determined, the next step is to realise the lumped components for the LPF filter. The real part of the frequency-varying load impedance is around 8 (7.8+8.4j), leading to a transformation ratio of 6:1. Firstly, according to the required impedance transformation ratio and fractional bandwidth (>40%), a real-to-complex multistage Chebyshev LPF MNs are generated and optimised by utilising the process illustrated in [7]. 
   Secondly, the lumped MNs are then converted to distributed transmission lines as shown in Fig. 2(a). TLi, i=1..4 (for input MN) and i=5..13 (for output MN) are used to achieve in-band matching, where the capacitors are realised by open stubs (TL6, TL8, TL10, TL12 for output MN and TL2 for input MN), lengths are chosen between λ/8>l<λ/4 and the inductors are replaced by high impedance transmission lines (TL5,TL7, TL9, TL11, TL13 for output MN and TL1, TL2 for input MN). The equivalent transmission line length and characteristic impedances are calculated as described in [10]. 









Fig. 2 (a) Final schematic of the whole PA, involving input/output matching network with stability network, (b) Frequency response comparison between Chebyshev LPF and the proposed LPF with the same filter order, and (c) Simulated and measured small signal gain of the proposed PA, and (d) Optimum fundamental load and 2nd harmonic load reflection coefficient of the output matching network over 1.0-3.0 GHz
this case, TL6 is responsible for the generation of attenuation pole Tz1 at the transition band (1.8 GHz) as displayed in Fig. 2(b), whereas TL8,10,12 contributes transmission zeros Tz2,3,4 (2.0, 2.5,and 3.0 GHz) as illustrated in Fig. 2(c), respectively, to match purely imaginary loads to the harmonics. The final optimum fundamental and second harmonic load reflection coefficient of the output matching network is depicted in Fig. 2(d).






    To validate the design concept, a broadband PA was fabricated on a Rogers 4350 substrate with εr of 3.48 and a thickness of 0.508 mm as displayed in Fig. 3(a). By employing Cree’s large signal device model, it is possible to examine the intrinsic waveforms in AWR prior to measurement. Fig. 3(b) shows the simulated voltage and current waveforms at the intrinsic current generator plane. The simulation of was carried out at 1.25 GHz with CW signals. The investigation of the waveforms confirms that the voltage/current overlap is minimised which results in high efficiency operation.

A. Large Signal Measurements 
    Measurements were performed at a drain bias voltage (VDD) of 28V and a gate bias voltage (VGG) of -3.1V, respectively. Fig. 3(c)-(d) shows the comparison between simulated and measured output power, drain efficiency, and gain as functions of the frequency. In the measurements, the RF signal is generated from Rhode & Schwarz SMBV100A signal generator and applied to the module through a preamplifier. Input and output powers were measured using an NRP-Z51 power meter. For the simulation, a maximum drain efficiency of 82%, a gain of 13.2 dB, and a saturation power of 47.5 dBm were estimated. For the measurement, a maximum drain efficiency of 80% was obtained at 1.2 GHz. In addition, a saturation power of 47.3 dBm, a gain of 12.6 dB were attained, whereas the second and third harmonics of the lowest desired band were suppressed to >-30 dBc. 

B. Modulated Signal Measurements 









Fig. 3 (a) Photograph of the proposed PA, (b) Intrinsic voltage and current waveform at 1.25 GHz, (c) Measured and simulated drain efficiency, output power and gain versus frequency from 1.0 to 1.5 GHz, (d) Measured drain efficiency and gain as a function of output power.


Fig. 4 Measured drain efficiency and ACPR as a function of frequency under modulated signal.

with an output power of approximately 40 dBm over the band of interest. Besides, the adjacent channel power ratio (ACPR) at ±1.25 MHz offset fluctuates from -23 to -26.3. dBc. Linearization with DPD could improve this ACPR level further.
IV.	Conclusion
     A broadband highly efficient harmonic tuned PA with a quasi-lumped LPF output matching network has been presented in this paper. A systematic approach based on load-pull methodology is used in order to achieve the maximum efficiency across the bandwidth. A method of rapid transition has been explored especially to keep away the impedance at the high end frequency (fH) from the impedance at the second harmonic of the low end frequency (2fL). In addition, the harmonic influences and suppression technique for the second harmonic over the bandwidth are considered to realise the output matching network (MN). The proposed PA has achieved high performance with a well-shaped half- sinusoidal voltage waveform and an approximately bifurcated current waveform. Measured results of the fabricated PA revealed 80% peak drain efficiency with a peak output power of 47.3 dBm. Also, the PA shows promising drain efficiency (49%) with a satisfactory level of ACPR when tested with a 10 dB PAPR modulated signal. Very good agreement between simulated and measured results has been achieved. The obtained results indicate that the proposed method is very promising for the design of PA for modern RF communication systems.
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